Food cooking organic aerosols (COA) are one of the main primary sources of 17 submicron particulate matter in urban environments. However, there are still many questions 18 surrounding source apportionment related to instrumentation as well as semi-volatile 19 partitioning as COA evolve rapidly in the ambient air, making source apportionment more 20 complex. Online measurements of emissions from cooking different types of food were 21 performed in a laboratory in order to characterize particles and gases. Aerosol mass 22 spectrometer (AMS) measurements showed that the relative ionization efficiency for OA was 23 higher (1.56 -3.06) relative to a typical value of 1.4, concluding AMS is overestimating COA 24 and suggesting previous studies likely overestimated COA concentrations. Food cooking 25 mass spectra were generated using AMS and gas and particle food markers were identified 26 with FIGAERO-CIMS measurements to be used in future food cooking source apportionment 27 studies. However, there is a considerable variability both on gas and particle markers and 28 dilution plays an important role in the particle mass budget, showing the importance of using 29 these markers with caution when receptor modeling. These findings can be used to better 30 understand the chemical composition of COA and it provides useful information to be used in 31 future source apportionment studies. 32
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Over more than 15 years, the Aerodyne aerosol mass spectrometers have proven to be a 71 powerful tool to quantify and characterize the composition of non-refractory submicron 72 aerosol concentrations. 30, 31 However, certain studies have identified an overestimation of OA 73
concentrations measured with AMS when compared to collocated measurements. Yin, et al. 74 32 found food cooking aerosols, identified with positive matrix factorization (PMF), to 75 overestimate CMB results by a factor of two, in spite of a good correlation. Minguillón, et al. 76 33 determined organic aerosols-to-organic carbon ratios to be higher than unity, stating this is 77 explained by an underestimation of the relative ion efficiency of OA (RIEOA), a parameter the 78 instrument uses to calculate OA concentrations. Murphy 34 presented a model approach to 79 estimate RIE based on molecular mass. While Jimenez, et al. 35 disagreed that the effect was 80 as strong as suggested, however, both agree that RIE values have the potential to be higher 81 than the typical RIEOA=1.4. 36 
82
There has been a wide range of controlled experiments to investigate different aspects of 83 food cooking aerosols. [37] [38] [39] However, until now there has been no laboratory study analyzing 84 both particle and gas phase emissions using online measurements. Here, we present combined 85 on-line measurements of the high-resolution time-of-flight aerosol mass spectrometer (HR-86 ToF-AMS) and the filter inlet for gases and aerosols (FIGAERO) attached to the high-87
resolution time-of-flight chemical ionization mass spectrometer (HR-ToF-CIMS). The HR-88 ToF-AMS quantifies high time resolution concentrations of OA. However, there is no 89 molecular information due to the ion fragmentation produced by the strong electron 90 ionization. Hence, the characterization of particles collected with FIGAERO and together 91 with the soft chemical ionization from HR-ToF-CIMS provides additional information such 92 as molecular weight and chemical formula of species within both the gas and particle phases, 93 which will help in bridging the gap between PMF-AMS and CMB analyses and also to assist 94 in interpreting ambient This study aims to provide a better understanding of food cooking aerosol chemical 96 characterization, focusing on three main scientific objectives: 1. To investigate potential 97 AMS quantification issues regarding COA; 2. To provide profiles in both the AMS and 98 CIMS to assist in the interpretation of field data; 3. To establish whether emissions from 99 cooking are semi-volatile, and to what extent this may impact upon source apportionment 100 techniques. 101
Methodology 102
2.1 Measurements. Online measurements of gases and particles, emitted from cooking 103 different types of food, were carried out in a laboratory. A variety of food (fish and chips, 104 English breakfast, vegetables and different types of meat) was cooked using rapeseed 105 (canola) oil. Two types of electric cooking equipment were used; a deep fryer, using three 106 liters of cooking oil; and an induction hob to shallow fry in a pan with a diameter of 22 cm. 107
When shallow frying meat on a flat frying pan, two cooking styles were used; stir-fried, 108 which involves chopping meat into small pieces and stirring meat while cooking; and chop 109 frying. The different cooking methods were used to determine whether they would have an 110 effect on the aerosol chemical composition. The cooking time of each food was between 4-8 111 minutes depending on the time needed for the food to be completely cooked. A total of 36 112 experiments were performed. Emissions were directed to a movable extraction cowling where 6 to a diluter (Dekati, DI-100), using compressed air to obtain a dilution factor of 115 approximately 1:10. Diluted/non-diluted experiments were performed to investigate gas semi-116 volatile behavior and its effect on the aerosol budget. 117 2.2 HR-ToF-AMS and SMPS measurements. Submicron non-refractory aerosol 118 concentrations (OA, SO4 2-, NH4 + , NO3 -, and Cl -) were measured with a HR-ToF-AMS 31 , 119 hereafter AMS. The procedure to quantify AMS mass concentrations has been previously 120 described 40, 41 . The two main parameters AMS uses to quantify aerosol concentrations are 121 collection efficiency (CE) and relative ionization efficiency (RIE). The CE measures how 122 well particles are transmitted and detected, depending on three terms: the transmission 123 efficiency of the aerodynamic lenses, the transmission loss due to nonsphericity of particles 124 and bouncing of particles when impacting the vaporizer 42, 43 . Aerosols that tend to be liquid 125 and with diameters between 60 and 600 nanometers (nm) present high CE 44, 45 , thus in this 126 study, a CE = 1.0 was used. RIE is the ratio of IE of a given analyte (defined as ions detected 127 per available vapor molecule) relative to the IE of nitrate obtained from ammonium nitrate 128 calibrations. The default value of RIE for OA (RIEOA=1.4) used. 35, 36 However, after 129 comparing the AMS aerosol concentrations with Scanning Mobility Particle Sizer (SMPS) 130 measurements, it was found AMS to overestimate aerosol concentrations. This 131 7 2.3 FIGAERO-HR-ToF-CIMS measurements. The HR-ToF-CIMS, hereafter CIMS, with 139 iodide (I -) as reagent ion 49 , was used to measure oxidized organic compounds in the gas 140 phase. 50 FIGAERO, coupled to the CIMS measured particle composition. CIMS measured 141 gases over the time food was being cooked while particles were collected on a filter in the 142 FIGAERO inlet. The gas phase measurements were followed by desorption of the collected 143 particles into the CIMS, using a programmed desorption step, where 2 slpm flow of N2 was 144 ramped from ambient temperature up to 200° C over 15 minutes and passed through the filter 145 into the inlet to be detected by the CIMS. Both gases and particles were collected using a 146 flow of 2 slpm. Aerosols emitted when cooking English breakfast (composed of tomato, 147 mushroom, eggs, bacon, black pudding and sausages) were collected on one filter, other 148 experiments were also collected in one filter when cooking the same type of food, for 149 example, stir-fried chicken and chop fried chicken. shows high concentrations may be explained by the fact that tomato was chopped in half and 161 there was more surface area in contact with the oil/pan. Moreover, the chopped tomato would 162 have a high moisture content, causing more sizzling and therefore mechanical ejection. and H:C) is an approach to explore the oxidation state of OA. In this study O:C and H:C 165 mean and standard deviation ellipse (SDE) were calculated for the experiments matching 166 with the filters collected with FIGAERO (F0-F17), to study the OA oxidation state which 167 may have implications on source apportionment. The standard deviation ellipse (SDE) used 168 in the graphs to denote spread was calculated following the equations detailed in Gong 51 . 169 Table 1. the ones seen in the literature. Kaltsonoudis, et al. 24 in a laboratory study from charbroiling 190 meat, exposing emissions to UV illumination and oxidants, found O:C values of 0. 09-0.3, 191 with O:C ratios increasing with chemical aging. Ambient O:C ratios from COA have been 192
found with values of (0.10-0.22). 7, 47, 54, 55 These values are similar to other POA such as 193
HOA with values of 0.14-0.38 47, 54, 56, 57 , though HOA presents a higher H:C ratio. While 194 high O:C ratios have been seen on secondary OA (SOA) 0.52-1.02. 47, 54, 56 This increment in 195 O:C ratios from POA to SOA is due to the chemical aging aerosols present in the atmosphere. possible to identify food cooking markers both in particle and gas phase. In this study, 128 208 compounds were identified in the gas phase, from which 69 were also identified in the 209 particle phase (Table S3 ). The sum of the average concentration of the 69 compounds in 210 particle phase, identified in each desorbed filter, was compared to the average OA 211 measurements from AMS. This comparison was performed as a way to validate particle 212 measurements obtained from the FIGAERO. Table 1 indicates the filters taken with 10 FIGAERO to which AMS averages were calculated. Due to a technical issue, no filter data is 214 available for the first six filters (F0 to F5), thus the following FIGAERO-CIMS analysis will 215 be performed from filters F6 to F17. Additionally, a comparison was performed using 216 levoglucosan, which is a compound identified both with FIGAERO-CIMS and AMS 217 instruments. In the AMS it is typically identified at m/z 60 59 while in the FIGAERO-CIMS it 218 is identified with molecular mass 288.96 g.mol -1 (molecular mass of C6H10O5 + I). 
FIGAERO-CIMS food cooking markers 229
Deep frying emitted more gases than shallow frying (Table 2) , which is expected due to the 230 larger amount of oil used during deep frying. Eight organic acids were identified as cooking 231 markers in the gas phase: isocyanic (HNCO), formic (CH2O2), acrylic (C3H4O2), propionic 232 (C3H6O2), hydroxypropionic (C3H6O3), malonic (C3H4O4), hexanoic (C6H12O2) and adipic 233 (C6H10O4). These organic acids were chosen as markers as they were present in all cooking 234 samples with high concentrations. Hydroxypropionic acid was the compound with a higher 235 presence in gas phase both on deep frying and shallow frying. In general, HNCO 236 concentrations were identified in the majority of the samples. HNCO has been related to literature have reported HNCO concentrations emitted from food cooking. Roberts, et al. 65 239 reported HNCO concentrations to be related to coal used as a fuel to cook but not to the food 240 itself. 241
Nitrogen-containing compounds have been previously found to have negative effects to 242 human health 66 and have been identified on cooking emissions. 4 They may be emitted either 243 from the food itself or also from additives. In this study, 14 different nitrogen-containing 244 compounds were identified both in the gas and particle phase (Table S5 ). C4H2NO2 and 245 parabanic acid (C3H2N2O3), during deep-frying experiments, were identified only in the gas 246 phase. The rest of the nitrogen-containing compounds were identified mainly in the particle 247 phase: Creatinine (C4H7N3O), nitrobenzene (C6H5NO2), C6H7NO2, C5H7N2O2, C5H8NO3, 248 C6H13NO2, C5H9N3O2 and C13H15NO2 were present only in shallow frying experiments. 249
Nicotinamide (C6H6N2O), nitrobenzene, C6H7NO2 and C5H8NO3 were mainly emitted from 250 non-diluted deep fried sausages (filter9), diluted shallow fried pork (filter15) and diluted 251 shallow fried lamb (filter16). While it was not possible to determine or speculate at the 252 structure of many of the identified nitrogen-containing compounds, given the potential 253 impacts of this compound class, it is worth reporting their presence and contribution to food 254 cooking emissions, which were mainly found in the particle phase. Further studies should be 255 aimed to further characterize and quantify these nitrogen-containing compounds. 256 4 Discussion 257 4.1 Relative Ion Efficiency of OA. The AMS has been widely used to measure the 258 chemical composition of non-refractory aerosols. However, it has been found to report food 259 cooking OA concentrations to be greater than other measurement techniques. 32 Table S1  260 shows OA has higher concentrations compared to SMPS, resulting in OA/SMPS ratios to be 261 higher than unity. OA concentrations were originally calculated with RIEOA= 1.4. as 262 suggested by Alfarra, et al. 36 . However, it has been previously shown that RIEOA values may 12 vary within functional groups. 40 An increment on RIEOA will decrease the reported OA 264 concentration. Hence, the hypothesis here is that the overestimation of OA measurements 265 compared to SMPS is due to RIEOA to be higher than 1.4. 266 This shows that RIEOA_corr values are higher than 1.4, with values between 1.56 and 3.06 267 (Table S2) The increment on RIEOA, combined with the assumed CE of 1, found in this study explains 277 the good correlation but quantitative disagreement between PMF-AMS and CMB reported by 278
Yin, et al. 32 and also agrees with Minguillón, et al. 33 who also found RIEOA to be higher than 279 1.4. It is worth mentioning a possible limitation of SMPS mass concentrations obtained is that 280 a density of 0.85 g·cm -3 is assumed, which may not be accurate. However, the deviations in 281 RIE reported are deemed to be larger than the plausible uncertainty in density. The RIE result 282 has significant implications for ambient measurements of COA. While COA concentrations 283 have often been reported to be a significant contribution to primary OA aerosol 284 concentrations, these could have been overestimated in previous studies. However, it is 285 unlikely that the bulk OA concentrations have been systematically misreported overall, as 286 these have frequently compared favorably with external comparisons. 35 If the COA 287 specifically is being over-reported, then this should be accordingly corrected after it has been 288 isolated using factorization. 289 4.2 Food cooking AMS mass spectra. Source apportionment tools, like the multilinear 290 engine (ME-2), use inputs in the way of mass spectra or time series, to partially constrain 291 solutions and better deconvolve OA sources. 28 Mass spectra of COA have certain 292 characteristics that make them different to mass spectra from other sources, for example the 293 signals at m/z 41, m/z 55 and m/z 57, with a higher signal at m/z 55 compared to m/z 57. 9, 12, 294 23 The generation of mass spectra, from different types of food cooking and a better 295 understanding of their variations, will help to improve COA source apportionment. In this 296 study, a comparison was performed within the mass spectra obtained from the experiments 297 and with the mass spectra from other ambient and laboratory studies. Table S6 shows the 298 uncentered Pearson's correlation coefficients (ur, also known as the 'normalized dot product' 299 or 'cosine angle') and Table S7 shows the list of external mass spectra used in the 300
comparison. 301
The correlations performed within the experiments showed high ur values ranging from and was contained within a higher-order solution, where the authors expressed doubts as to 314 its accuracy. 315
From these correlations, we can see that when cooking different types of meat/vegetables 316 and using a variety of cooking styles (deep frying and shallow frying), mass spectra from 317 fresh emissions do not vary significantly. However, the decrease in ur values when compared 318 with mass spectra from past ambient studies from the literature, suggests aging of food 319 cooking aerosols (through repartitioning or chemical reactions) in the atmosphere that are not 320 capture here. 321
Effect of dilution on food cooking aerosols. From the desorption analysis, 69 322
compounds were identified in the particle phase (Table S3 ). From this list, Table 4 shows the 323 12 compounds that have been previously identified as cooking markers 4, 26, 70, 71 324 Levoglucosan (C6H10O5), dicarboxylic acids: succinic (C4H6O4), glutaric (C5H8O4), pimelic 325 (C7H12O4), suberic (C8H14O4), azelaic (C9H16O4), sebacic (C10H18O4), dodecanedioic 326 (C12H22O4), and carboxylic acids: palmitic (C16H32O2), margaric (C17H34O2), linoleic 327 (C18H32O2) and oleic (C18H34O2). However, the majority of these markers have been 328 identified from off-line measurements or from gas and particle measurements in separate 329 studies. Here we show near real-time measurements of both gases and particles, gas-to-330 particle ratios (G/P) and the effect of dilution. 331
These 12 compounds are considered to be cooking markers in the particle phase as they 332 were found mainly during the filter desorption. Even when they were identified as being 333 present in the gas phase, the G/P ratio is still lower than unity. In contrast, for the gas phase 334 cooking markers presented in Table 2 , the G/P ratio was greater than unity. G/P ratios were 335 calculated from average gas and particle counts·sec -1 (Table 3) . It is worth mentioning that 336 some of these compounds are also found to be in other sources; for example, levoglucosan 337 has been used as a marker of biomass burning aerosols. 70 Succinic, glutaric, pimelic acids and 338 levoglucosan were found mainly in the gas phase for the diluted deep frying experiments (F7 339 and F8). Denoting the high variability of gas-particle partitioning and the implication of 340 different cooking conditions in the food cooking emissions. 341
Higher G/P ratios were observed with diluted experiments compared to non-diluted. Deep 342 fried sausages (F9) present higher G/P ratios with Succinic, glutaric, pimelic, levoglucosan, 343 suberic and azealic compared with diluted deep fried sausages (F8). A similar situation was 344 present with diluted and non-diluted deep fried burgers (F7 and F6 respectively) and English 345 breakfast (F11 and F10 respectively). This behavior is explained in that with diluting 346 experiments, light molecular masses will tend to be more in the gas phase than species with 347 high molecular mass, which will tend to stay in the particle phase. This suggests that the use 348 of these as cooking markers for CMB analysis may be problematic, as their particle-phase 349 concentrations may diminish with dilution, although whether this creates a positive or 350 negative artifact will depend on whether their rate of evaporation is consistent with that of the 351 overall mass of particulate used in the mass balance model. 352
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